ABSTRACT Blink duration is one of the useful indicators to estimate drowsiness and fatigue. A Doppler sensor could be a key device to realize the non-contact blink duration estimation, which is very useful for the drowsiness and fatigue monitoring in real life. However, none of the blink duration estimation methods has been proposed so far. In this paper, we propose a novel Doppler sensor-based blink duration estimation method based on the analysis of eyelids closing and opening behavior on a spectrogram. When one blinks, the energies caused by eyelids closing and opening behavior appears on a spectrogram. Hence, the blink duration can be estimated by integrating such energies and then detecting the timings when the integrated energy caused by the eyelids closing behavior appears and when the energy caused by the eyelids opening behavior disappears. To precisely detect such timings, a spectrogram with a short time window is better. However, thorough the preliminary experiments, we confirmed that when a shorter time window is used, more noise appears around such timings, which makes it difficult to detect such timings. To deal with this issue, the proposed method multiplies several integrated energies for spectrograms with different time windows. By multiplying the integrated energies with such noise and the ones without such noise, the energy level of such noise gets significantly declined over the product. Furthermore, the levels of the redundant blink energies also decline to the noise level, where the redundant blink energies denote the ones that appear before and after the eyelids closing and opening timings because of a long time window. The results of the experiments on 8 subjects watching a movie showed that our method achieved an average root mean squared error (RMSE) of 49.3 ms.
I. INTRODUCTION
Health monitoring is becoming a more and more attractive technology to build a more reliable and comfortable society. To develop this technology, the continuous sensing of the physiological signal is a key technique that can provide crucial information on our health. Respiration, heartbeats, and a blink are the physiological signals that reflect our health. In particular, a blink is a physiological signal that reflects drowsiness and fatigue [1] - [5] . More specifically, the blink duration is known to be highly related with drowsiness and fatigue [2] - [5] , which leads to much attention of the blink The associate editor coordinating the review of this manuscript and approving it for publication was Yongle Wu. duration estimation. Here, the blink duration is defined as the entire duration of one blink, and ranges from 200 ms to 1,200 ms in general [1] , [4] .
Although the blink duration estimation methods have been proposed with wearable devices, the device attachment for each observation is not preferred in real life. To estimate the blink duration without the device attachment, a Doppler sensor could be a key device, which can observe the velocity and direction of a moving target by analyzing Doppler-shifted microwaves reflected from the target. The Doppler sensor-based blink duration estimation method can estimate the blink duration without some issues related with the camera-based blink detection method, e.g., the privacy invasion and the performance degradation in dark environments. In our previous research, we have proposed a spectrogram-based method that estimates the duration that is proportional to the actual blink duration [6] . However, for the drowsiness and fatigue level evaluation, it is obviously necessary to measure the actual blink duration, which has not been realized yet.
In this paper, we propose a novel Doppler sensor-based blink duration estimation method by the analysis of eyelids closing and opening behavior on a spectrogram. The blink duration can be estimated by detecting both the timings when the energy caused by the eyelids closing behavior appears and when the energy caused by the eyelids opening behavior disappears, t start and t end , respectively. Hence, in the proposed method, the time variation of the energy on a spectrogram is calculated by integrating the energies in the positive and negative frequency domains. For the sake of the accurate detection of t start and t end over the integrated energies, it is necessary to leverage a spectrogram with the high time resolution. However, thorough the preliminary experiments, we confirmed that when a shorter time window is used, more noise appear around t start and t end , which makes it difficult to detect t start and t end . To reduce the effect of such noise, several integrated energies calculated with various time windows are multiplied. By multiplying the integrated energies with the short time noise and the ones without such noise, the energy level of such noise gets significantly declined over the product. Furthermore, the levels of the redundant blink energies also decline to the noise level, where the redundant blink energies denote the ones that appear before and after the eyelids closing and opening timings because of a long time window, e.g., 256 ms, 512 ms. Based on these benefits of the multiplication, t start and t end are detected over the product.
We conducted experiments on 8 subjects to evaluate the estimation accuracy of the proposed method. The experimental results showed that there is a positive correlation between the estimated blink duration and the grand truth value of the blink duration. As a result, our method achieved an average RMSE (Root Mean Squared Error) of 49.3 ms. Hence, we are the first to realize the accurate blink duration estimation with a Doppler sensor.
The rest of this paper is organized as follows. In Section II, we firstly describe the system model of a Doppler sensor-based blink duration estimation and then explain the definition of blink duration. In Section III, we describe related work and then explain our proposed method in Section IV. We evaluate the performance of our method in Section V. Finally, we conclude this paper in Section VI.
II. PRELIMINARIES A. PRINCIPLE OF DOPPLER SENSOR
In this subsection, for the better understanding of our proposed method, the principle of the used Doppler sensor is described. Fig. 1 shows the system model of the Doppler sensor-based blink duration estimation. Now, let d 0 be the distance between a Doppler sensor and subject's eyelids as shown in Fig. 1 . In this system, the transmitter Tx firstly transmits microwaves T (t) = cos 2πft + (t) towards subject's eyes, where f is the carrier frequency, and (t) is the phase noise. When the transmitted microwaves are reflected by subject's eyelids, the phase of T (t) is Doppler-shifted. The reflected microwaves are then received by the receiver Rx, where the received microwaves R(t) are expressed as eq. (1).
where c is the speed of the electro-magnetic wave, λ is the wavelength of the carrier and x(t) is the variation of d 0 due to a blink. After LNA (Low Noise Amplifier) is applied to the received microwaves R(t), the received microwaves R(t) are down-converted into the baseband signal B(t).
where θ is the constant phase shift determined by d 0 and f , and (t) is the total residual phase noise including the noise accumulated in the circuit and the transmission path. Then, a quadrature mixer is applied to the baseband signal B(t), which results in two output signals with the phase difference of π/2, i.e., in-phase and quadrature signals I (t) and Q(t), respectively. These are expressed as follows.
Subsequently, the levels of I (t) and Q(t) signals are amplified by OP-AMP (Operational Amplifier). After the DAQ (Data Acquisition), the digitized I (t) and Q(t) are used for the blink duration estimation in DSP (Digital Signal Processing). I (t) and Q(t) can be expressed as a complex signal S(t), which is referred to as a Doppler signal.
S(t) = I (t) + jQ(t).
S(t) can be also expressed using the motion speed of a target v as the following.
S(t) = I (t) + jQ(t),
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B. DEFINITION OF BLINK DURATION
A blink is a series of behavior that closes and then opens eyelids, while the blink duration is the entire duration of one blink. Note that the blink duration differs from the interval of blinks.
III. RELATED WORK
The increase in demands for drowsiness and fatigue estimation has led researchers to investigate the blink detection, since a blink is known to be highly related with drowsiness and fatigue [1] - [5] . The conventional blink detection methods can be classified into three methods in terms of the used device: (i) EOG (Electro-Oculogram)-based [7] , (ii) a camera-based [8] - [11] , and (iii) a Doppler sensor-based ones [12] - [14] . The EOG-based blink detection method detects a blink by measuring the potential variation between the electrodes attached to near subject's eyes [7] . However, attaching electrodes to the subject's skin not only causes the skin abrasion but also makes him/her uncomfortable under the long-term measurement, which is not preferred in the real application.
The problems with the EOG-based method have encouraged researchers to develop the non-contact blink detection methods, i.e., a camera-based and a Doppler sensor-based ones. In the camera-based blink detection method, for example, a blink is detected based on the movement of the points marked on eyelids in the frame captured by a camera [8] . Also, Morris et al. has proposed the method that tracks subject's pupils, and then judges whether the pupils are covered by eyelids [9] . However, there exist at least three issues related to the camera-based method, e.g., (i) the privacy invasion, (ii) the expensive price of high frame rate camera, and (iii) the degradation of the blink detection accuracy under dark environments.
In contrast, a Doppler sensor enables the blink detection without the aforementioned issues related to the camera-based blink detection method, because the Doppler sensor-based blink detection method detects blinks using microwaves. Thanks to the non-contact and non-invasive features of a Doppler sensor, the use of a Doppler sensor has been investigated in various fields, e.g., vital sign detection [12] - [18] and activity recognition [19] - [21] . Early research related with the Doppler sensor-based blink detection has proposed the blink detection method based on the waveform of the received signal due to a blink [12] . More specifically, this method detects blinks depending on whether the received signal includes three extreme points. However, even slight body movements might deform the waveform of the received signal, which degrades the detection accuracy. For the sake of the more accurate blink detection, the blink detection method based on CFAR (Constant False Alarm Rate) has been proposed [13] . CFAR is one of the adaptive methods used for detecting a desired signal, i.e., a blink signal in the blink detection, from a signal with noise, clutter, and interference [22] . Also, we have previously proposed the blink detection method based on a supervised machine learning classifier. This method has achieved a satisfactory performance compared with the other existing methods. Furthermore, the previous research has proposed the method that detects a blink based on the spectrogram and then classifies the detected blink into a conscious blink or an unconscious blink [14] . The classification is performed based on the features extracted from a spectrogram by PCA (Principal Component Analysis). These aforementioned researches have mainly focused on the blink detection using a Doppler sensor, and the conventional blink detection methods enable the drowsiness and fatigue estimation through the blink rate. However, no research has proposed the blink duration estimation method, though it is possible to estimate drowsiness and fatigue based on the variation of the blink duration.
In our previous research, we have proposed the method that estimates the duration that is proportional to the actual blink duration [6] . Through the preliminary experiments, we have confirmed that the energies caused by eyelids closing and opening behavior appear in the positive and negative frequency domains on a spectrogram, respectively. Based on this fact, our previous method estimates the duration that is proportional to the actual blink duration by calculating the time difference between when such energies appear based on the centers-of-gravity of such energies. The experimental results have showed that there is a high positive correlation between the estimated value and the actual blink duration. However, to evaluate the drowsiness and fatigue level, it is necessary to measure the actual blink duration, because each drowsiness and fatigue level is usually characterized by the actual blink duration.
IV. PROPOSED METHOD
We propose a novel Doppler sensor-based blink duration estimation method by the analysis of eyelids closing and opening behavior on a spectrogram. In what follows, we firstly clarify (i) the energy distribution of a blink on a spectrogram and (ii) the relationship between the actual blink duration and the energy of a blink on a spectrogram. We then explain the ideas and the algorithm of our proposed method.
A. BLINK ANALYSIS ON SPECTROGRAM
To confirm (i) the energy distribution of a blink on a spectrogram and (ii) the relationship between the actual blink duration and the energy of a blink on a spectrogram, we conducted preliminary experiments. Figs. 2 and 3 show the used Doppler sensor and the experimental environment, respectively. The carrier frequency and the transmit power of the Doppler sensor were 24 GHz and 1 mW, respectively. Also, the sampling frequency of the Doppler sensor was 1000 Hz. As shown in Fig. 3 , the height of the Doppler sensor was same as that of the subject's eyes, and the distance between the Doppler sensor and the subject's eyes, i.e., d 0 , ranged from 40 cm to 50 cm. A subject sat on a chair and looked at a Doppler sensor for 30 s with naturally breathing.
First of all, we show the energy distribution of a blink and a non-blink on a spectrogram. Fig. 4 shows the spectrogram calculated from a Doppler signal S(t) observed in the situation where a subject followed the scenario below; A subject firstly blinked at 9 s, and then kept his eyelids closed from 15 s to 20 s. Finally, he opened his eyelids again at 20 s. In this figure, the energy within [−4, 4] Hz is mostly due to the noise, e.g., the fluctuation of a body. In contrast, the energy at 9 s is caused by a blink. In particular, as can be seen from the energies at 16 s and 20 s in Fig. 4 , the energies caused by eyelids closing and opening behavior appear in the positive and negative frequency domains on a spectrogram, respectively. Here, note that this fact changes depending on the relative positions (or locations) of a Doppler sensor and the subject's eyes. In other words, the energies caused by the eyelids closing and opening behavior might appear in the negative and positive frequency domains, respectively, depending on the direction of the subject's face. Through the experiment, we also found that the energies due to a blink could appear lower than 8 Hz or higher than 30 Hz depending on a blink, while such energies commonly appear within [8, 30] the energies caused by a blink over a spectrogram including the ones due to the noise, e.g., the fluctuation of a body.
Subsequently, we clarify the relationship between the actual blink duration and the energy of a blink on a spectrogram. Fig. 5 shows the spectrograms for blinks with the various blink duration. In these spectrograms, the energies in the positive and negative frequency domains are caused by eyelids closing and opening behavior, respectively. As can be seen from these spectrograms, such energies appear with the slight gap in the time domain, since eyelids close and then open when a subject blinks. More specifically, the energy in the negative frequency domain, i.e., caused by the eyelids opening behavior, appears with the longer delay when the actual blink duration gets longer. This means that the blink duration is proportional to the difference between the timings when these energies appear. Therefore, the blink duration can be estimated by detecting both the timings when the energy caused by the eyelids closing behavior appears and when the energy caused by the eyelids opening behavior disappears, t start and t end , respectively.
B. BASIC IDEAS
Based on the analysis of a blink on a spectrogram, basic ideas of our proposed method are described in this subsection. To detect t start and t end , we focus on the time variation of the energies in the positive and negative frequency domains. Fig. 6 shows the integrated energy for the spectrogram based on STFT (Short Time Fourier Transform) with a 512 mstime window. In this figure, the red and blue lines denote the energies integrated in the positive and negative frequency domains, E pos (t) and E neg (t), respectively. Also, the dotted lines denote the ground truth points of when eyelids start closing and finish opening, and the actual blink duration is equal to 624 ms. As far as can be seen from Fig. 6 , it is possible to detect the timings when the energy caused by the eyelids closing behavior appears and when the energy caused by the eyelids opening behavior disappears. However, the difference between such two timings is significantly longer than the actual blink duration, i.e., 624 ms, because of the time resolution of STFT. According to previous research on a blink, the duration of the eyelids closing behavior is shorter than that of the eyelids opening behavior, and the duration of the eyelids closing behavior ranges longer than 50 ms in general [4] . Therefore, it is necessary to leverage STFT with a time window that is shorter than 50 ms. Fig. 7 shows examples of E pos (t) and E neg (t) for the spectrograms based on STFT with time windows of (a) 32 ms, (b) 64 ms, (c) 128 ms, and (d) 256 ms. Here, the used data is same as that in Fig. 6 . As far as can be seen from Fig. 7 , t start and t end can be detected accurately with a short time window, e.g., 32 ms and 64 ms. However, when the 32 ms and 64 ms-time windows are used, the noise within a short time is likely to appear over E pos (t) and E neg (t) as shown in Fig. 7(a) , which makes it difficult to detect accurate t start and t end .
To deal with this problem, we multiply several integrated energies based on STFT with 2 N ms-time windows (N ≥ 5), e.g., 32 ms, 64 ms, and 128 ms. The blink components can be seen over all the integrated energies, the noise within a short time can not. Hence, after the multiplication, the noise within a short time before and after the ground truth points of t start and t end , respectively, disappears over the products as shown in Fig. 8 , while the blink components still exist. Also, as can be seen from Fig. 8 , the levels of the redundant blink energies before and after the ground truth points of t start and t end , respectively, decline to the noise level. Fig. 9 shows other examples of (a) E pos (t) and E neg (t) for the spectrogram based on STFT with 32 ms-window and (b) the product P pos (t) and P neg (t) of the integrated energies for the spectrograms based on STFT with 32 ms, 64 ms, 128 ms, 256 ms, and 512 ms-time windows, where the actual blink duration is equal to 570 ms. In Fig. 9(a) , the noise within a short time appears around 1600 ms, which makes it to detect t end . In contrast, such noise disappears over the product P neg (t) as shown in Fig. 9(b) . Based on the benefits of such multiplication, our proposed method estimates the blink duration by detecting t start and t end over P pos (t) and P neg (t).
C. PROPOSED ALGORITHM
In this subsection, we explain a novel Doppler sensor-based blink duration estimation method based on spectrograms by the analysis of eyelids closing and opening behavior FIGURE 8. The product of the integrated energies for the spectrograms based on STFT with 32 ms, 64 ms, 128 ms, 256 ms, and 512 ms-time windows. The red and blue lines denote the products of the energies integrated in the positive and negative frequency domains, P pos (t ) and P neg (t ), respectively. The dotted lines denote the ground truth points of when eyelids start closing and finish opening. The actual blink duration is equal to 624 ms.
FIGURE 9.
Examples of (a) E pos (t ) and E neg (t ) for the spectrogram based on STFT with 32 ms-window and (b) the product P pos (t ) and P neg (t ) of the integrated energies for the spectrograms based on STFT with 32 ms, 64 ms, 128 ms, 256 ms, and 512 ms-time windows. The dotted lines denote the ground truth points of when eyelids start closing and finish opening. The actual blink duration is equal to 570 ms. on spectrogram. Fig. 10 shows the flowchart of the proposed method. Our method consists of three steps: (i) preprocessing, (ii) blink component extraction, and (iii) blink duration estimation. In the pre-processing step, BPF (Band Pass Filter) is firstly applied to the Doppler signal S(t) to roughly eliminate the frequency components of the non-blinks such as face movements. Its cut-off frequencies are set to 8 Hz and 30 Hz, respectively, based on the energy distribution of a blink on a spectrogram. STFT with the 2 N -ms time window and the l-ms overlap is then applied to the filtered signal. N ranges from 5 to 9, where a 2 9 ms-time window, i.e., 512 ms, is long enough to analyze the signals due to the eyelids closing and opening behavior. Also, the overlap l is set to 5 ms that is short enough to analyze such signals. Subsequently, in the blink component extraction step, the energies are integrated in the positive and negative frequency domains on each of five calculated spectrograms. It is worth mentioning that the integration range differs depending on the frequency resolution determined by the time window length 2 N . Specifically, to capture the energies within [8, 30] Hz, the integration range is set to [8, 32] Hz in the cases where N = 7, 8, 9, i.e., 128 ms, 256 ms, and 512 mstime windows. In contrast, the integration range in the cases where N = 5, 6, i.e., 32 ms and 64 ms-time windows, is set to [0, 32] Hz. Here, note that although the information on the difference between the energy distribution of conscious and unconscious blinks is compensated by integrating the energies of a blink, our work focuses on the blink duration estimation, which is realized regardless of whether a blink is conscious or unconscious. Then, the integrated energies in each frequency domain are multiplied, which results in two products P pos (t) and P neg (t) in the positive and negative frequency domains, respectively. In the blink duration estimation step, t start and t end are detected over P pos (t) and P neg (t). In this step, to judge which P pos (t) or P neg (t) is used for the t start or t end detection, the maximum peaks of P pos (t) and P neg (t) are firstly detected. The product with the detected peak prior to the other peak is then used for the t start detection, and another product is used for the t end detection. Finally, assuming that t start and t end are detected over P pos (t) and P neg (t), respectively, the time when P pos (t) goes below a threshold δ is detected as t start , and the time when P neg (t) goes above δ is detected as t end . δ is an adaptive threshold calculated as average values of P pos (t) and P neg (t) within the time X as shown in Fig. 11 . Also, in Fig. 11 , GT (Guard Time) is the time to prevent the time X from including blink components. The right end of GT over P pos (t) is the time when the maximum peak of P pos (t) appears, and the left end of GT over P neg (t) is the time when the maximum peak of P neg (t) appears. In our method, the lengths of X and GT are set to 200 ms and 300 ms, respectively. Here, note that even though there exist some candidates of t start and t end , the candidates that are closest to the time when the maximum peaks of P pos (t) and P neg (t) appear are detected.
V. EXPERIMENTAL EVALUATION
To evaluate the blink duration estimation accuracy of our proposed method, we conducted the experiments. In this section, we firstly explain the experimental specification including the setup and the performance metric. Then, we explain the experimental results.
A. EXPERIMENTAL SPECIFICATION
The used Doppler sensor and the experimental environment are shown in Figs. 2 and 3 . Also, the parameters used in this experiment is listed in TABLE 1. The observation was performed on 8 subjects, and the observation duration was 15 min. Subjects watched a movie with naturally breathing during the observation. The ground truth value of the blink duration was measured by a 720 p HD (High Definition) camera with the frame rate of 240 fps. In general, as a frame rate of a camera gets higher, e.g., 1,000 fps (frames per second), the number of pixels gets smaller, which makes it difficult to capture the time when eyelids start closing and finish closing over the obtained movie. Furthermore, a high frame rate camera is typically unable to record for long duration, e.g., 15 min required in our experiments. Thus, by taking into account the balance among a frame rate, the number of pixels, and the recording time, we chose a 720 p HD (High Definition) camera with the frame rate of 240 fps. Although a higher frame rate is preferred, a 240 fps camera measures the blink duration with the accuracy equivalent to EOG, which is widely used to investigate the relationship between the blink duration and drowsiness (or fatigue) [4] , [5] .
As the performance metrics, we calculated the correlation coefficient R and the RMSE between the estimated blink duration and the ground truth value of the blink duration. The RMSE is a metric to indicate the difference between the estimated value and the grand truth value, and is calculated as eq. (8) .
where N denotes the number of observed blinks, and f (x j ) and x j denote the the ground truth value and estimated blink duration, respectively. When the RMSE is closer to 0, this means that the estimation accuracy of a method is higher.
B. EXPERIMENTAL RESULTS
The data of 8 subjects is listed in TABLE 2. Fig. 12 shows the examples of the relationship between the estimated blink duration and the ground truth value of the blink duration, where the red line denotes the regression line. From Figs. 12(a) and (b), it can be seen that there is a positive correlation between the estimated blink duration and the ground truth value of the blink duration. Fig. 13 also shows that the correlation coefficient against each subject. In this figure, the red line denotes an average of the correlation coefficient R against 8 subjects. As can be seen from this figure, our proposed method achieves the correlation coefficient R of around 0.9 against each subject. As a result, an average of the correlation coefficient R achieved by our method is 0.92. Furthermore, Fig. 14 shows the RMSE against each subject, where the red line denotes an average of the RMSE against 8 subjects. The experimental results show that our method achieves an average RMSE of 53.9 ms. Taking into account the typical blink duration range, i.e., [200, 1200] ms, the average RMSE achieved by out method is worth noting. However, as can be seen from Fig. 12 , the estimated value is not accurate completely. Main cause of the errors is related with the simultaneous occurrence of a blink and face movements. When a subject blinks with face movements, the waveform of P pos (t) and P neg (t) related with the eyelids closing and opening behavior might get deformed, which results in the degradation of the blink duration estimation accuracy. Moreover, the face movements before and after a blink affect the blink duration estimation accuracy, since our proposed method detects t start and t end based on an adaptive threshold determined by the energy levels of P pos (t) and P neg (t) within the time GT. Also, when a subject blinks without face movements, the errors occur. This is because the threshold is determined by the noise levels of P pos (t) and P neg (t). More specifically, t start and t end detected based on the threshold do not always exhibit the actual timings when the eyelids start closing and finish opening.
To show which time window should be used, we evaluated our method based on various combinations of time windows. TABLE 3 shows first five time window combinations in the order of an average RMSE among all the combinations. As can be seen from this table, even when only some of the time windows are used, e.g., case 1 and 2, our method achieves small RMSE, compared with when all the time windows are used, i.e., case 5. In particular, the best blink duration estimation accuracy can be achieved with 32 ms, 128 ms, and 256 ms-time windows among all the combinations.
VI. CONCLUSION
In this paper, we proposed a Doppler sensor-based blink duration estimation method by the analysis of eyelids closing and opening behavior on a spectrogram. The proposed method is based on the idea that the blink duration can be estimated by detecting the timings when the energy caused by eyelids closing behavior appears and when the energy caused by eyelids opening behavior disappears on a spectrogram. To precisely detect such timings, we proposed a novel algorithm to extract such energies by multiple spectrograms calculated based on different time windows, e.g., 32 ms, 64 ms, 128 ms. The adaptive threshold-based method that detects such timings was then introduced. Through the experiments on 8 subjects to evaluate the proposed method, we confirmed that our method achieved the best average RMSE of 49. 3 
